total organic carbon (TOC), total nitrogen (TN), carbon-to-nitrogen ratio (C:N), germination index (GI), microbiology community variability, etc. [8] [9] . Besides the frequently evaluated parameters, grinding ratio is also considered an important parameter in successful composting, especially in pretreatment of raw materials, and post pelletizing of matured compost in commercial production [10] . For example, agricultural residues [11] , woody resources [12] , or animal beddings [13] are usually shredded into certain sizes before composting. Small particles give more surfaces to composting organisms to enhance the mixing of versatile composting materials and rapider organic residue decomposition during the digestion process [14] . Well mixed materials are beneficial for enhancing ventilation, mass, and heat transfer. In addition, grinding compost is also manipulated before it was made into the commercial pellet product. Pellet compost is one of the best products to supply slow-released nutrients for plants. Moreover, it is more convenient to transport and easier to spread on the farmland by agricultural machinery [15] . It was reported that mature compost can be ground into the size of less than 2 mm and then pelletized to high-quality compound fertilizer [16] .
As mentioned above, grinding materials in pre-and post-treatment of compost is of great importance for determining successful composting and product quality. However, in previous studies, detailed information regarding the grinding ratio have focused on mining engineering [17] [18] or feedstock supply [19] [20] . The studies proved that compressive force, particle size, and moisture content of materials affect pelletizing. Little attention has been paid to compost characters affecting the grinding ratio. Absalan et al. [16] reported the relationship between pelletizing and water content, pointing out that moisture content of the compost should be reduced to less than 20% to prevent quality deterioration during long-time storage. Zafari and Kianmehr [21] advised that the optimal moisture content of compost range from 40% to 43%. Whether different materials have similar grinding ratios and how composting time will affect grinding ratios remain unclear. Some producers grind materials at random size and dry the compost to random water content because no general consensus on grind size and water content was agreed upon. Over-drying and over-grinding increase energy consumption and cost of investment. Therefore, it is valuable to study the optimal grinding ratio of different kinds of composting materials and affected factors.
In a successful aerial composting process, bulking agent (for instance wood chips, wheat straws, corn stovers, etc.) are widely used as skeletons to create air space, and as carbon supply for cell skeletons [7] . The components of raw materials change with complex physical, chemical, and biological reactions during composting, leading to the grinding ratio changing as well. For instance, insoluble fibers, which are the main component of variable straws, are made up of polysaccharides such as cellulose and hemicellulose, which strongly interact with each other and do not dissolve easily in water [22] . The cellular walls of straws are composed of cellulose fibers, together with pectin heteropolymer, hemicellulose, and lignin [23] . The proteins and sugars are easily degradable; lipids and cellulose are little degradable, while the keratins and lignin are slowly degradable [24] . It is hypothesized that the content of cellulose, hemicellulose, and lignin may be the main factors that affect grinding ratio in different materials. Therefore, grinding ratio of different kinds of composting materials (4 raw materials and compost samples with different maturity degrees) and affected factors will be encompassed in this study.
The objectives of this study were to: a) compare grinding ratios of the raw materials of sewage sludge, corn stover, rice straw, and wheat straw in order to optimize water content and b) evaluate the effects of different composting times or maturity degrees on compost grinding ratio. Furthermore, the correlation between compost maturity parameters and grinding ratio was illuminated.
Materials and Methods

Materials Collection
Fresh corn stover (CS), rice straw (RS), and wheat straw (WS) were collected from the Science and Technology Training Farm at the end of September 2016 at China Agriculture University. Dewatered sewage sludge (SS) was collected using a plastic bucket from Wujia Wastewater Treatment Plant (Beijing, China). Poultry manure (PM) came from a chicken farm in the 
Composting and Sampling Methods
Wheat straws for composting in this study were ground into less than 2 cm in length by machine, then mixed with poultry manure in the ratio of 1:4 (M:M) to adjust C/N ratio to 25. Extra water was added to adjust water content to 60%. Then the mixed raw material was transferred to a composting bin with 1 m in height and 1.2 m in diameter. 21 holes (4 cm in diameter) were drilled on the side wall for ventilating. Composting was carried out in a greenhouse for 36 days, and manually turned if the temperature was beyond 60ºC.
The sample was collected from the top (10 cm from the pile top), middle (50 cm from the pile top), and bottom (10 cm from the ground) at days 0, 9, 18, 27, and 36. Around 150 g well-mixed samples were randomly taken according to "S" sampling method with the principle of equivalent and multipoint and put into a plastic zipped bag and stored at 4ºC for further testing.
Grinding Ratio
Fresh CS, RS, WS, dewatered SS, and compost samples obtained in different times were used to measure the grinding ratio. Table 1 outlines the basic properties of the materials, and Table 2 lists the maturity and quality parameters of compost samples. Different straws with 30-100 cm meter length in original were pretreated to 3-5 cm using scissors. 5.0 g ×8 of materials (different straws, SS, and compost samples) were weighed respectively and put into aluminum dishes, then dried at 105ºC for 8 hours. One dish was quickly taken out of the oven every hour to calculate water content. Then the sample was soon passed to the same plant grinder (JK-MPG-102, shanghai). Three replications were performed.
In order to guarantee the same evaluating standard, 1 min was set to pass a sieve with diameter 1 mm after samples were ground. The percentage of the sample's mass that passed though the sieve to the total mass of materials before being ground was calculated and defined as grinding ratio. The formula is given by:
Grinding ratio (%) = M 1 / M 0 × 100 (1) …where M 1 is the samples being ground following passing though the sieve with diameter 1 mm. M 0 is the total mass of materials before grinding.
Analytical Method
Compost analysis was conducted according to the standard examination of composting and compost [25] . Fresh samples were prepared to test moisture, pH value, and electrical conductivity (EC). Dried samples passed through a sieve 1 mm in diameter after being ground by a coffee maker to determine total organic carbon (TOC), nitrogen Kjeldahl (N), and phosphate (P). Lignin, cellulose, and hemicellulose were tested by novel Van Soest methods, and detailed information can be found in Peltre [26] . All tests were performed in triplicate and the results are presented as an average value followed by corresponding standard deviation. C/N ratio was calculated from the average value of TOC and nitrogen Kjeldahl. Germination index (GI) of the compost was tested by the methods in a previous report by Zhang et al. [27] .
Statistical Analysis
The data were analyzed using Graphpad Prism 6.02. Homogeneity was analyzed via one-way analysis of variance (ANOVA), and differences of grinding ratio were determined by Tukey's multiple comparisons test. All statistical tests were evaluated at the 95% confidence level. Linear correlations between compost maturity parameters and grinding ratio were also determined. Table 2 . Maturity and quality parameters of compost sampling from different times (Mean ±SD, n = 3).
Results and Discussion
Compost Raw Materials and Grinding Ratio
Grinding ratios of four different compost raw materials changing with water content are shown in Fig. 1 . Sewage sludge and corn stover had a higher grinding ratio than wheat and rice straw. Moreover, all 3 straws reached a maximum grinding ratio when they were dried into constant weight, and with water content increasing they slowed. Nevertheless, for sewage sludge, grinding ratio was the highest at water content 13.0%, and then decreased sharply when the water content was over 23.0%. The 3 straws showed a decrease in grinding ratio from the highest to the lowest in the following order: corn stover > rice straw wheat straw. In the case of water content around 10%, the grinding ratio of sewage sludge was even more than corn stover, probably due to the simple mechanical structures and very low contents, and of cellulose, hemicellulose, and lignin in the sewage sludge. It is reported that the 3 components of cellulose, hemicellulose, and lignin form cell walls of plants with complex structure and strong tenacity. With plants aging and withered, the cell wall undergoes secondary thickening and is often lignified, leading to increased physical resistance [14] . In this study, cellulose, hemicellulose, and lignin in all 3 straws accounted for about 72% on average (Table 1) . Further regression analysis suggested that grinding ratio was significantly correlated to cellulose content at P<0.01 and hemicellulose content at P<0.05, but no significant correlation was seen with lignin and grinding ratio (P>0.05). The summary content of cellulose and hemicellulose was 9.7% for sewage sludge, 51% for corn stover, 56.4% for rice straw, and 61.5% for wheat straw, respectively, which was negatively consistent with the grinding ratio.
In addition, as shown in Table 1 , sewage sludge has the lowest TOC but highest grinding ratio. Paradoxically, for the 3 straws, grinding ratio showed a decrease with TOC decreasing. It is notable that low C/N materials have a higher grinding ratio, indicating that C/N was a more important factor impacting the grinding ratio than TOC.
Composting Time and Grinding Ratio
In terms of temperature changing in the USEPA compost standard [4, 28] , composting process in this study was divided into the 4 stages of rising (0-9 d), high (9-18 d), falling (18-27 d), and stable (27-36 d; Fig. 2 ). Temperature over 55°C lasted for 14 days and the highest temperature reached 72ºC. Grinding ratio of compost samples in different stages reached 80% when the compost was dried to constant mass (Fig. 3) . ANOVA results showed that the grinding ratio of compost at day 0 was significantly lower than for other days (except zero water content in the compost; P<0.05). We found "***" means reaching 0.001 significant (P<0.001) using oneway analysis of variance (ANOVA), differences of grinding ratio were determined by Tukey's multiple comparisons test . no significant differences of the grinding ratio among the samples obtained in different fermenting stages when water content was less than 20% (except zero water content). This result revealed that for compost pelleting in industry production, drying the matured compost to the water content around 20% could be an efficient way to save energy and investment.
Compost Maturity Parameters and Grinding Ratio Table 2 presented a summary of compost parameters tested, which characterized the quality and maturity of the compost. The results revealed that pH value increased from 7.53 to 8.63 at the beginning, lasting up to 18 days and then tending to fall to 7.53 as composting proceeded. Electronic conductivity has the same tendency with pH. This variation coincides with the amounts of microorganisms who reached peak and then decreased over the composting period [29] . Total organic C, C/N ratio, and contents of hemicellulose and cellulose decreased, which was attributed to the combined action of the increase in microbial population, resulting in the degradation of organic carbon. Aggelis et al. [30] proposed that the substrate was characterized as nonphytotoxic and stable to apply for agricultural purposes if 66 < GI < 100. GI increased gradually in this study and the highest value reached 75% at day 36, indicating the harmlessness and stability of the compost. Although the content of cellulose and hemicellulose showed down during the composting stages, lignin content first enhanced and then declined to the lowest at day 18, and then rose again to the highest value of 11.2%, probably due to the 2 insoluble fibers of hemicellulose and cellulose degrading faster than lignin, causing the relative amount of lignin to increase.
As shown in Fig. 4 , when the water content was around 20%, regression analysis results indicated that cellulose was highly and negatively correlated with grinding ratio at P<0.01. TOC, C/N ratio, and hemicellulose were negatively correlated with grinding ratio at P<0.05, which was probably because TOC determined microbial activity of decomposition and transformation of hemicellulose and cellulose. In contrast, the grinding ratio was not apparently correlated with chemical and biological parameters of pH, EC, GI, and lignin (P>0.05).
Conclusions
We studied the grinding ratios of different kinds of composting materials (4 raw materials and compost samples with different maturity degrees) and affected factors. The highest grinding ratio was obtained when drying the 3 straws into constant weight, but keeping water content around 10% for sewage sludge. The grinding ratio of different raw materials decreased from the highest to the lowest in the following order: corn stover > rice straw > wheat straw. The grinding ratio of fermented compost significantly decreased to lower than about 50% when the water content was higher than 30%, whereas no significant difference was observed when the water content was lower than 20%.
Compared with original materials, mature compost was easier to grind. Further regression analysis implies that grinding ratio had negative linear correlation with TOC, C/N ratio, hemicellulose, and cellulose, but no apparent correlation with pH, EC, GI, and lignin. This study suggested that for compost pelleting in industrial production, drying the matured compost to the water content around 20% could be an efficient way to save energy and investment. Given that the content of carbon and nitrogen determines microbial activity and amounts, which impacts decomposition and transformation of hemicellulose and cellulose, further testing could be conducted on the correlation analysis between the grind ratio and microbiology variability in community and amount.
